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ABSTRACT 23
Sterile alpha motif and HD domain-containing protein 1 (SAMHD1) restricts human 24 immunodeficiency virus type 1 (HIV-1) replication in non-dividing cells by degrading 25 intracellular deoxynucleoside triphosphates (dNTPs). SAMHD1 is highly expressed in resting 26
CD4
+ T-cells that are important for the HIV-1 reservoir and viral latency; however, whether 27 SAMHD1 affects HIV-1 latency is unknown. Recombinant SAMHD1 binds HIV-1 DNA or 28 SAMHD1 is the only identified mammalian dNTPase (1, 2) with a well-characterized 60 role in downregulation of intracellular dNTP levels (3), a mechanism by which SAMHD1 acts as 61 a restriction factor against the infection of retroviruses (4, 5) and several DNA viruses (6-10) in 62 non-dividing myeloid cells (11, 12) and quiescent CD4
+ T-cells (13, 14) . Additionally, in vitro 63 studies indicate that SAMHD1 is a single-stranded (ss) nucleic acid (NA) binding protein (15-64 18) , although the function of this binding activity in cells remains unknown. One report 65 suggested that SAMHD1 uses its RNA binding potential to exert a ribonuclease activity against 66 HIV-1 genomic RNA (19); however, recent studies do not support this observation (20) (21) (22) (23) . 67 SAMHD1 less efficiently restricts retroviral replication in dividing cells due to 68 phosphorylation of SAMHD1 at Thr 592 (T592) (24) (25) (26) (27) (28) (29) . The dNTPase activity of SAMHD1 69 requires the catalytic H206 and D207 residues of the HD domain (30, 31) . While mutations to 70 either H206 or D207 abrogated ssDNA binding in vitro (15), the effect of nonphosphorylated 71 T592 on ssDNA binding has not been described. The binding of ssNA occurs at the dimer-dimer 72 interface on free monomers and dimers of SAMHD1. This interaction prevents the formation of 73 catalytically active tetramers (18), suggesting a dynamic mechanism where SAMHD1 may 74 regulate its potent dNTPase activity through NA binding. However, the effect of SAMHD1 and 75
NA binding on HIV-1 infection or viral gene expression is unknown. Previous studies showed that efficient SAMHD1 expression driven by the cytomegalovirus 171 (CMV) immediate-early promoter of stably integrated lentiviral vector in monocytic cell lines is 172 dependent on treatment of cells with phorbol 12-myristate 13-acetate (PMA) (4, 27), which is a 173 protein C kinase agonist that activates the NF-kB signaling pathway (48, 49) . 174
To activate HIV-1 gene expression in J-Lat cells we applied two LRAs, tumor necrosis 175 factor alpha (TNFa) which induces HIV-1 gene expression by activating the NF-kB pathway 176 (46, 50, 51) , and PMA in conjunction with ionomycin (PMA+i) that has been shown to be the 177 strongest activator of HIV-1 gene expression in several J-Lat cell clones (46). Treatment of J-Lat 178 cells with TNFa ( Fig. 4A ) resulted in GFP expression in 38% of vector control cells (Fig. 4B) , 179 consistent with published data (45, 46) . In contrast, expression of WT SAMHD1 reduced TNFα-180 induced GFP expression to 27% (Fig. 4B) , suggesting that SAMHD1 impairs TNFa-induced 181 HIV-1 reactivation. Treatment of WT SAMHD1-expressing J-Lat cells with PMA+i resulted in a 182 significant increase in SAMHD1 expression (Fig. 4A ) and a significant decrease in GFP-183 expression by 20% compared to vector control cells (Fig. 4B) . While PMA+i treatment resulted 184 in a 1.5-fold reduction of GFP mean fluorescence intensity (MFI) of SAMHD1-expressing cells 185 compared to vector, the MFI of TNFa-treated cells was not significantly reduced by SAMHD1 186 expression (Fig. 4B) . 187
To examine whether increased SAMHD1 expression in J-Lat cells could more efficiently 188 suppress HIV-1 reactivation, we compared J-Lat cells treated with two PMA+i concentrations 189 with a 8-fold difference ( Fig. 4C and 4D ). To examine whether the dNTPase activity or T592 190 phosphorylation of SAMHD1 affects its suppression of HIV-1 reactivation in J-Lat cells, we 191 performed the analysis in J-Lat cells stably expressing WT SAMHD1, T592A, or HD/RN mutant 192 by lentiviral transduction. Similar expression levels of WT SAMHD1 and the mutants were 193 observed in 1× PMA+i-treated cells, while 8× PMA+i treatment highly increased the expression 194 levels of WT SAMHD1, and mutant SAMHD1 to a lesser degree (Fig. 4C) . WT expressing cells had a 15% lower GFP-positive cell population compared to vector control cells 196 at 1× PMA+i; however, this was not further enhanced with increased WT SAMHD1 expression 197 at 8× PMA+i (Fig. 4D) . While WT SAMHD1 suppressed HIV-1 reactivation at both 1× and 8× 198 PMA+i treatment, neither T592A nor HD/RN mutant had a suppression effect (Fig. 4D expressed 20-30% greater than mutants under this condition (Fig. 4C) . We treated the WT 212 SAMHD1-expressing cells with 50% less PMA+i compared to that used for mutant-expressing 213 cells, and obtained comparable levels of SAMHD1 (Fig. 5A) . HIV-1 reactivation in all cell lines 214 was measured by GFP expression (Fig. 5B) . The WT SAMHD1-expressing J-Lat cells had a 215 17% lower GFP-positive population compared to vector control, T592A, and HD/RN-expressing 216 cells, which was reflected in a 1.6-fold lower MFI (Fig. 5B ). After IP of WT or mutant 217 SAMHD1 from cells treated with PMA+i (Fig. 5A ), total bound DNA was eluted and quantified 218 by qPCR. We used PCR primers specific for different regions in the HIV-1 genome, including 219 the LTR, gag, vpr, and rev genes, to characterize the regions of interaction between SAMHD1 220 and proviral DNA ( Fig. 5C and Table 1 ). We also included gfp-specific PCR primers as an 221 additional control, as gfp is a non-viral gene inserted in the nef gene of HIV-1 in J-Lat cells (45). 222
We observed that only DNA fragments derived from the LTR (12% of input) bound to WT 223 SAMHD1 (Fig. 5D ). WT SAMHD1 did not bind other HIV-1 genes tested or the gfp gene. These 224 data suggest that the SAMHD1-DNA interaction occurs in the LTR promoter region of HIV-1 225 provirus. Interestingly, analysis of the DNA eluted from IP products of T592A and HD/RN 226 SAMHD1 revealed that neither mutant bound to tested HIV-1 DNA sequences or gfp cDNA 227 (Fig. 5D ). Taken together, these data indicate that mutant SAMHD1 cannot suppress latency 228 reactivation or bind to proviral DNA, suggesting that direct binding to the HIV-1 LTR is 229 partially responsible for the mechanism of SAMHD1-mediated suppression of LTR-driven gene 230 expression. 231 (Table  237 2). Binding was measured over a range of SAMHD1 concentrations and three monovalent ion 238 concentrations (50, 100, and 150 mM) to determine whether the interaction is mediated by 239 electrostatic interactions. While WT SAMHD1 binding to the HIV-1 LTR fragment was detected 240
at all three salt concentrations tested, higher salt reduced the observed binding ( Fig. 6A-C) , 241 which suggests that the interaction is mediated, at least in part, by electrostatic contacts. In 242 contrast, no significant binding was observed for the T592A and HD/RN mutants even at the 243 highest protein concentration (8,300 nM) ( specifically the CREB/CBP/p300 complex (44, 59, 60) . Whether SAMHD1 interacts with host 286 proteins to further suppress HTLV-1 LTR activity through disruption of Tax activity is unknown. 287
As a simple retrovirus, MLV does not encode transactivation accessory proteins; however, its 288 LTR has several binding sites for transcription factors, including nuclear factor 1 (61). Our data 289 suggests that SAMHD1-mediated suppression of LTR activity may be specific for complex 290 human retroviruses and could be influenced by certain transcription factors that bind to each 291 respective LTR. 292 SAMHD1 enzyme activity can be regulated by mutations to its catalytic core or by post-293 translational modifications (62). Thus, we used two SAMHD1 mutants to determine the 294 contribution of phosphorylation and dNTPase activity to the suppression of LTR-driven gene 295 expression. The nonphosphorylated T592A mutant had reduced ability to suppress HIV-1 LTR-296 driven gene expression. Additionally, the dNTPase-inactive HD/RN mutant did not efficiently 297 suppress HIV-1 LTR-driven gene expression. It is unlikely that a reduction in dNTP levels is 298 required for the effect on LTR-driven gene expression as dNTP levels are high in HEK293T 299 cells despite SAMHD1 overexpression (63). Interestingly, whereas WT SAMHD1 was observed 300 to bind specifically to the HIV-1 LTR both in ChIP-qPCR and in vitro binding experiments, the 301 SAMHD1 mutants failed to bind to the HIV-1 DNA regions tested. It is possible that SAMHD1 302 oligomerization may play a role in the ability of SAMHD1 to bind DNA. Dimeric SAMHD1 303 binds ssNA; however, previous reports have shown that tetramerization of SAMHD1 inhibits 304 NA binding (18, 20) . Phosphorylation of SAMHD1 at residue T592 destabilizes tetramer 305 formation and impairs the dNTPase activity of SAMHD1 (64, 65), with binding of 306 phosphomimetic T592E to ssRNA and ssDNA being identical to WT SAMHD1 (20). In vitro, 307 the HD/RN mutant tetramerizes to a greater extent than WT SAMHD1 (66), and mutations of 308 either H206 or D207 residues result in loss of ssDNA binding (15). It is possible that the T592A 309 and HD/RN mutants form more stable tetramers and, as a consequence, lose the ability to bind 310 the LTR and suppress activation. However, experiments to determine the oligomeric states of 311 WT, T592A, and HD/RN SAMHD1 in the presence of fragments of the HIV-1 LTR can help to 312 further test this possibility. Future studies are required to map the region of interaction between 313 SAMHD1 and the HIV-1 LTR and to examine the contribution of binding to the suppression of 314 LTR-driven gene expression. Together, our data suggests a mechanism for suppression of LTR 315 activity in which WT SAMHD1 is able to bind directly to the LTR and possibly occlude 316 transcription factors required for LTR activity. 317
As suppression of the HIV-1 LTR is a common mechanism contributing to latency (52), 318 we aimed to determine whether SAMHD1 affects latency reversal in cells. We utilized two HIV-319 1 latency cell models, the J-Lat cell line and primary TCM cells (40, 45, 54, 55, 67) . In both 320 models, SAMHD1 expression resulted in a suppression of latency reactivation. The modest 321 effect observed could be due to saturation of the NF-kB pathway by PMA and TNFa (Fig. 4) or 322
anti-CD3/CD28 (Fig. 7) , as significant activation of the LTR may mask the suppressive effect of 323 SAMHD1 (46, 50, 68, 69) . Cell lysates were prepared for immunoblotting as described (27). HA-tagged SAMHD1 and 369 endogenous glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were detected using 370 antibodies specific to HA (Covance, Ha.11 clone 16B12) at a 1:1,000 dilution, and GAPDH 371 (BioRad, AHP1628) at a 1:3,000 dilution, respectively. Polyclonal SAMHD1-specific antibodies 372 (Abcam, ab67820) were used at a 1:1,000 dilution for immunoblotting, as described (63). 373
Immunoblots were imaged and analyzed using the Amersham imager 600 (GE Healthcare). 374
Validation for all antibodies is provided on the manufacturers' websites. 375
Densitometry quantification of immunoblots. Densitometry analysis was performed on 376 unaltered low-exposure images using the ImageJ software. Densitometry values were normalized 377 to GAPDH. 378
Protein expression and purification. Full-length cDNA of WT, T592A, and HD/RN 379 SAMHD1 were cloned into a pET28a expression vector with a 6 × His-tag at the N-terminus 380 and expressed in E. coli. SAMHD1 proteins were purified using a nickel-nitrilotriacetic acid 381 affinity column as described (73). The eluted peak fractions were collected and dialyzed into the 382 assay buffer, and then further purified with size-exclusion chromatography as described (21). FA binding assays. The assays were performed as described (53, 74) using 5'-6-FAM-391 labeled DNA sequences shown in Table 2 . Briefly, proteins were incubated with 10 nM DNA at 392 room temperature for 30 min in 20 mM Tris-HCl, pH 8, 1 mM MgCl2, 0.25 mM HEPES, 50 µM 393 2-mercaptoethanol, and 50, 100, or 150 mM monovalent ions (25, 50, or 75 mM of each NaCl 394 and KCl). Each measurement was performed in triplicate over a range of WT or mutant 395 SAMHD1 (5-8,300 nM). Binding affinities were calculated by fitting the data to a 1:1 binding 396 model, as described (75). Fluorescence measurements were obtained using a SpectraMax M5 397 plate reader (Molecular Devices, Sunnyvale, CA). 398
Generation of SAMHD1-expressing J-Lat cell lines. HEK293T cells were transfected 399
with pLenti-puro vector or HA-tagged SAMHD1 (WT, T592A, and HD/RN) expressing 400 plasmids, pMDL packaging construct, pVSV-G, and pRSV-rev to produce lentiviral stocks for 401 spinoculation at 2,000 × g for 2 h at room temperature. Lentiviral stocks were harvested, filtered, 402 and concentrated through a sucrose cushion at 48 h post transfection. Concentrated lentivirus 403 stock was resuspended in RPMI-1640 media and applied to J-Lat cells (clone 9.2) with 404 polybrene (8 µg/mL) prior to spinoculation. Afterwards, cells were cultured in complete RPMI 405 media for 72 h before undergoing selection with 0.8 µg/mL puromycin. 406
HIV-1 reactivation assay in J-Lat cells. J-Lat cells (clone 9.2) stably expressing WT, 407
mutant T592A or HD/RN SAMHD1 were generated as described above. Cells were treated with 408 10 ng/mL TNFa, or 32 nM PMA with 1 µM ionomycin (2× PMA+i) unless otherwise described 409 in figure legends. At 24 h post-treatment, media was removed and cells were washed and placed 410 in untreated complete RPMI-1640 media for an additional 12 h. Cells were collected, washed 411 twice with 1× PBS, and suspended in 2% fetal bovine serum in PBS. Cells were evaluated by 412 flow cytometry using Guava EasyCyte Mini Flow Cytometer (Millipore), with data analyzed by 413 proteins were eluted from beads by boiling in 1× SDS-sample buffer, and the supernatants were 423 analyzed by immunoblot as described (27). Total DNA was isolated from proteinase-K treated 424 sonicated input lysate and IP products using a DNeasy kit (Qiagen). 425 qPCR assay. For quantification of Renilla or firefly luciferase mRNA in transfected 426 HEK293T cells, total cellular RNA was extracted using the RNeasy mini kit (Qiagen). Equal 427 amounts of total RNA from each sample were used as a template for first-strand cDNA synthesis 428 using Superscript III first-strand synthesis system and oligo (dT) primers (Thermo Fisher 429 Scientific). SYBR green-based PCR analysis was performed using specific primers detailed in 430 Table 1 and methods described (63). Quantification of spliced GAPDH mRNA was used for 431 normalization as described (63). Calculation of relative gene expression was performed using the 432 2 -∆∆CT method as described (76). 433
The levels of SAMHD1-bound HIV-1 genomic DNA from PMA-treated latently infected 434 J-Lat cells were measured by SYBR-green-based qPCR using primers detailed in Table 1 and 435 methods as described (63, 77 
